The relationship between the cells that initiate cancer and the cancer stem-like cells that propagate tumors has been poorly defined. In a human prostate tissue transformation model, basal cells expressing the oncogenes Myc and myristoylated AKT can initiate heterogeneous tumors. Tumors contain features of acinartype adenocarcinoma with elevated eIF4E-driven protein translation and squamous cell carcinoma marked by activated betacatenin. Lentiviral integration site analysis revealed that alternative histological phenotypes can be clonally derived from a common cell of origin. In advanced disease, adenocarcinoma can be propagated by self-renewing tumor cells with an androgen receptor-low immature luminal phenotype in the absence of basal-like cells. These data indicate that advanced prostate adenocarcinoma initiated in basal cells can be maintained by luminal-like tumor-propagating cells. Determining the cells that maintain human prostate adenocarcinoma and the signaling pathways characterizing these tumor-propagating cells is critical for developing effective therapeutic strategies against this population.
The relationship between the cells that initiate cancer and the cancer stem-like cells that propagate tumors has been poorly defined. In a human prostate tissue transformation model, basal cells expressing the oncogenes Myc and myristoylated AKT can initiate heterogeneous tumors. Tumors contain features of acinartype adenocarcinoma with elevated eIF4E-driven protein translation and squamous cell carcinoma marked by activated betacatenin. Lentiviral integration site analysis revealed that alternative histological phenotypes can be clonally derived from a common cell of origin. In advanced disease, adenocarcinoma can be propagated by self-renewing tumor cells with an androgen receptor-low immature luminal phenotype in the absence of basal-like cells. These data indicate that advanced prostate adenocarcinoma initiated in basal cells can be maintained by luminal-like tumor-propagating cells. Determining the cells that maintain human prostate adenocarcinoma and the signaling pathways characterizing these tumor-propagating cells is critical for developing effective therapeutic strategies against this population.
T umors that arise from a given tissue in the body exhibit heterogeneity with respect to their molecular alterations, biological behavior, and response to therapy (1) . Such variation presents a serious challenge for clinical cancer management. In many organ sites, tumors have been classified into subtypes based on their molecular and histological features (2) . Subtypes of cancer can reflect distinct states of differentiation within a given tissue, leading Visvader and coworkers to propose that different epithelial tumor subtypes can arise from transformation of distinct cells of origin with different developmental potential (3) . Functional studies in the mouse mammary gland and mouse lung support this model (4, 5) . However, there is limited functional evidence for such a mechanism in human epithelial cancer.
Several recent studies using mouse models have revealed that the same phenotypic cell that initiates cancer can be responsible for tumor maintenance or propagation. Lgr5+ intestinal stem cells can initiate and maintain murine intestinal adenomas (6, 7) . In mouse models of skin cancer, hair follicle bulge stem cells can serve as target cells for transformation (8) and CD34+ cells resembling their normal bulge stem cell counterpart are capable of propagating the disease as a cancer stem cell population (9) . Mouse models of breast cancer demonstrate that tumors can arise from the transformation of luminal cells (4) , and recent studies using human tumor samples indicate that breast cancer can also be propagated by luminal-like cells (10) . In most human epithelial cancers it has not been determined whether the cell types that give rise to cancer are also capable of maintaining advanced disease.
The predominant histological subtype of prostate cancer is acinar-type adenocarcinoma (11) , with features of luminal secretory cells, rare neuroendocrine cells, and an absence of basal cells. A number of less common histological variants are found in prostate cancer, including small cell carcinoma and squamous cell carcinoma. Both of these variants are associated with poor prognosis, aggressive disease, and resistance to hormonal therapy (androgen deprivation and/or androgen receptor blockade) (11) . Small-cell carcinoma is characterized by proliferating neuroendocrine cells and loss of p53 (12) . Squamous cancers have features of basal cells and can occur either in the context of adenocarcinoma or alone as squamous cell carcinoma (11, 13, 14) . Based on their different phenotypes and response to hormonal therapy, different histological variants of prostate cancer are predicted to arise from distinct cells of origin (13) .
The relationship between the cells that initiate and maintain human prostate adenocarcinoma is not known. Naïve human prostate basal cells can initiate acinar-type adenocarcinoma in response to oncogenic stimulation (15) . Consistent with these findings, basal cells from the BPH-1 human prostate cell line can initiate human prostate cancer in response to combined estrogen and testosterone treatment (16) . These collective data suggest that human prostate tumors may set aside a subset of basal cells within the tumor to ensure continuous production of malignant luminal-like cancer cells.
Human prostate cancer cells with a basal phenotype have been reported to produce luminal cancer progeny in vitro (17) . Using cell lines that were originally derived from human prostate tumors, it was shown that basal cell marker CD44 enriched for tumorpropagating cells in the absence of differentiated luminal cell markers (18) . A recent study demonstrates that advanced chemotherapy-resistant prostate cancer is maintained by cells lacking basal or luminal cytokeratins (19) . No study has defined the role of basal or luminal-like cells isolated directly from primary human prostate cancer in tumor propagation.
In the present study, we use a tissue-regeneration model of human prostate cancer to determine whether the cells at the origin of prostate cancer are continually required to maintain the disease as tumor-propagating cells. Benign cell populations isolated from primary human prostate tissue were first tested for Significance This study determined that two histological phenotypes of cancer can arise from a common target cell. Whereas luminal cells are not efficient cells of origin, luminal-like tumor cells isolated from human prostate adenocarcinoma can serially propagate advanced disease. their susceptibility to transformation by defined oncogenes. In the resulting tumors, cancer cell populations were further transplanted to define the cells capable of propagating the disease. Tumors driven by expression of oncogenes Myc and myristoylated/activated AKT (myrAKT) initiating in basal cells exhibit features of both adenocarcinoma and squamous cell carcinoma with different signaling pathways characteristic of each histological pattern. eIF4E-driven protein translation pathway is elevated in adenocarcinoma, whereas activation of beta-catenin is associated with squamous differentiation in experimental and clinical human prostate cancer. Using lentiviral integration site analysis, we determined that alternative histological phenotypes of prostate cancer can arise from a clonal cell of origin. Adenocarcinoma can be serially propagated by cells with a luminal phenotype. Our results indicate that cancer initiated in basal cells can evolve to adenocarcinoma maintained by luminal-like cells.
Results
Basal Cells Initiate Heterogeneous Human Prostate Cancer. Two of the most common alterations identified in human prostate tumors are increased expression of Myc (20) and activation of AKT, typically via loss of PTEN (21) . Coexpression of Myc and phosphorylated AKT are rarely observed in primary localized prostate cancer, but are commonly found in advanced metastatic prostate tumors (Fig. 1A) (Fig. S1B) .
When expressed in naïve human prostate basal-enriched cells, Myc or myrAKT alone gave rise to benign glands or low-grade prostatic intraepithelial neoplasia lesions with distinct p63+ basal and androgen receptor-positive (AR+) luminal layers ( Fig.  1 B and C) . The two oncogenes dramatically synergized in human prostate basal cells to consistently generate large tumors in as little as 6 wk (Fig. 1B) ) in vivo to determine the number of target cells required to respond to oncogenic stimulation. As few as 10,000 basal cells were sufficient to initiate tumors in 12 wk (Fig. S1B) . Metastasis was not observed in tumor-bearing mice, indicating that further genetic alterations or a longer time period may be required to observe metastatic lesions.
Regenerated tumors contained both acinar-type adenocarcinoma and squamous features ( Fig. 2A) . Adenocarcinoma regions were defined by high levels of expression of the luminal markers Keratin 8 (K8) and CD26, heterogeneous expression of AR, scattered chromogranin A+ neuroendocrine-like (NE) cells and an absence of basal markers Keratin 14 (K14), p63, and Keratin 5 (K5) (Fig. 2B) . Conversely, squamous regions expressed basal cell markers K14, p63, and K5 and lacked cells expressing K8, CD26, AR, or chromogranin A. All tumors were confirmed to express oncogenes Myc and myrAKT and have a human origin based on staining with a pan-HLA antibody ( Fig. 2B and Fig.  S2 ). This heterogeneous tumor provides a model to investigate the relationship between different histological phenotypes within an individual cancer. In clinical prostate cancer, the squamous phenotype is rare in primary tumors. Squamous differentiation is predominantly observed in aggressive metastatic tumors that are resistant to androgen-deprivation therapy (22) .
Distinct Histological Phenotypes Share a Clonal Origin. Human prostate cancer often presents as a multifocal disease where distinct cancerous lesions are present within an individual patient's tissue. Multiple tumor foci can regularly be identified within regenerated tumors using the in vivo tissue-regeneration assay (15) . We identified certain regions containing cells with adjacent squamous (K14/p63/K5) and luminal (K8/CD26) phenotypes in close proximity without defined borders ( Fig. 3 A and B) . These mixed regions made up an average of six foci per tumor, covering ∼18% of the total tumor area (Fig. S3 ). These regions containing both histological phenotypes originate either from the merging of two neighboring glands of distinct histological phenotypes or from a single gland capable of multilineage differentiation. The most definitive method to distinguish these possible outcomes is lentiviral integration site analysis (23) .
Tumors were initiated from naïve human prostate basal cells transduced with lentivirus, resulting in the integration of viral DNA into the genome of the target cell and all of its progeny. If both adenocarcinoma and squamous phenotypes within an individual region arise from the same transformed basal cell, they should share a set of common lentiviral integration sites. However, if distinct histological phenotypes in an individual region arise from distinct cells of origin, they should not share any common integration sites.
Laser capture microdissection was performed on neighboring adenocarcinoma and squamous phenotypes within an individual lesion (region X) and DNA was isolated separately from adenocarcinoma and squamous cells for lentiviral integration site analysis (Fig. 3B) . DNA was also isolated from an individual lesion containing only the adenocarcinoma phenotype (region Y). In a distinct tumor, DNA was collected from neighboring adenocarcinoma and squamous phenotypes in close proximity (region Z). PCR primers specific for the viral DNA were used to extend into the genomic DNA (Fig. 3C) . Illumina sequencing was performed and reads were aligned to the genome to map integration sites (Fig. 3C) . Neighboring adenocarcinoma and squamous cells (region X) shared common integration sites (Fig. 3 D and E) , showing that they are derived from a clonal origin. In contrast, tissue taken from a distinct adenocarcinoma lesion (region Y) had entirely unique integration sites (Fig. 3 D and E) . Common integration sites were also shared between neighboring adenocarcinoma and squamous phenotypes taken from a separate tumor (Region Z, Fig. 3 D and E) . No overlapping integration sites were observed between different regions, as would be expected.
Beta-catenin signaling has been implicated in squamous differentiation and tumorigenesis in the prostate, mammary gland, and skin (9, 24, 25) . In human regenerated prostate tumors, the expression of total and activated forms of beta-catenin was evaluated in both adenocarcinoma and squamous tissues. In contrast to total beta-catenin, which is expressed in both histological variants, active beta-catenin is highly expressed in squamous areas (Fig. S4) . Elevated Wnt signaling in the prostate microenvironment can transform adjacent naïve benign epithelium (26) . Wnt ligands are elevated in prostate cancer stromal cells following treatment, leading to beta-catenin activation in the adjacent tumor cells (27) . This is consistent with the presence of squamous differentiation in prostate cancer, which is rare in primary tumors but more commonly observed in late-stage prostate cancer following treatment (14, 22) . High levels of activated beta-catenin could also be detected in clinical metastatic castration-resistant prostate cancer with squamous differentiation (Fig. S4) .
Luminal-Like Cancer Cells Serially Propagate Adenocarcinoma in the
Absence of Basal-Like Cells. Previous studies have established optimal conditions for tumorigenicity of dissociated human tumor cell preparations (28) . Regenerated primary human prostate tumor cells initiated from the transformation of five distinct benign patient samples were dissociated to single cells. Human tumor cells were identified by FACS based on staining of a pan-HLA antibody (Fig. 4A) . Luminal-like tumor cells were then isolated on the basis of low expression of CD49f and transplanted into secondary NSG mice.
Upon transplantation, isolated CD49f lo tumor cells were capable of generating secondary tumors in recipient mice. Immunohistochemical staining on tumor-derived tissue sections identified a phenotype consistent with luminal/acinar-type adenocarcinoma (29) with a predominance of K8+ CD26+ luminal-like cells and an absence of K14+ p63+ basal-like cells (Fig. 4B) (Fig. 5A ) and expressed oncogenes Myc and myrAKT (Fig. S5) . As few as 100 CD49f lo cells taken from secondary tumors could generate tertiary tumors with a strictly adenocarcinoma phenotype (Fig. 5B) . These data suggest that CD49f lo tumor cells can self-renew in a unipotent manner in vivo. 
CD49f
hi tumor cells were also tested in transplantation assays. We found that CD49f hi tumor cells could regenerate secondary lesions exhibiting a mixture of squamous (K14+ p63+) and adenocarcinoma (K8+ CD26+) areas (Fig. S6 ) that both expressed Myc and myrAKT (Fig. S7) . These data suggest the presence of multipotent cells in the CD49f hi fraction capable of propagating both squamous and adenocarcinoma phenotypes.
In numerous tissues, high expression of Myc is associated with a block in differentiation and reprogramming to pluripotency (30) . In prostate epithelium, Myc overexpression has been shown to reduce levels of AR (31) and its target prostate-specific antigen (PSA) (32) . We hypothesized that high levels of Myc in Myc/myrAKT-driven tumors might cause a block in differentiation, resulting in reduced levels of AR and PSA. In primary regenerated tumors, we found low and heterogeneous expression of AR with only rare PSA+ glands (Fig. 1C and Fig. S8 ). Levels of AR and PSA were low in secondary and tertiary tumors upon serial transplantation (Fig. 5C and Fig. S8 ). These results are consistent with recent studies demonstrating that low or negative levels of AR and PSA are associated with tumor-propagating cells in prostate cancer xenografts (18, 19, 33, 34) . Low levels of AR and PSA are also characteristic of DU145 (35) (38) . Myc and myrAKT-driven tumor cells exhibited low levels of phosphorylated Erk1/2, downstream of the MAPK pathway, and weak staining for phosphorylated STAT3, a readout of the JAK/STAT pathway (Fig. S9) .
The protein translation factor eIF4E is downstream of the PI3K pathway and has been shown to cooperate with Myc in promoting cell growth and tumorigenesis (39) . eIF4E is unable to promote translation when bound by 4EBP1. mTOR-mediated phosphorylation of 4EBP1 (p4EBP1) relieves this interaction and allows eIF4E-driven translation initiation. High levels of eIF4E and p4EBP1 are associated with poor prognosis in prostate cancer (40) and have been shown to drive tumor invasion (41) .
Elevated levels of eIF4E, 4EBP1 and p4EBP1 were found in luminal-like tumor cells isolated from Myc and myrAKT-driven tumors but not in benign luminal cells or in neighboring squamous cells (Fig. 6 A and B and Fig. S10 ). Luminal-like tumor cells also express MTA1 and Sox2 (Fig. 6 A and B) , two targets of eIF4E translation associated with prostate cancer progression. The self-renewal regulator Sox2 has been previously demonstrated to promote the proliferation of prostate cancer cells (42) . eIF4E, p4EBP1, MTA1, and Sox2 were identified in subsets of benign basal cells but not benign luminal cells (Fig. 6A) . These findings suggest that luminal-like tumor cells may acquire a limited set of self-renewal and cell-survival factors normally associated with stem-like basal cells to promote tumor propagation.
Luminal-like cancer cells were grown in vitro and treated with pharmacological inhibitors previously demonstrated to interfere with eIF4E-driven protein translation. mTOR-mediated phosphorylation of 4EBP1 can be prevented by treatment with Rapamycin, allowing nonphosphorylated 4EBP1 to bind and inhibit eIF4E. PP242 inhibits both mTORC1 and mTORC2 and has been previously demonstrated to deplete eIF4E-driven protein translation (43) . Dasatinib is a Src family kinase inhibitor that does not alter 4EBP1 phosphorylation. We tested the effect of eIF4E-driven protein translation inhibition on luminal-like cancer cells isolated from Myc and myrAKT-driven tumors. Treatment with rapamycin and PP242, but not with Dasatinib, caused a reduction in MTA1 and Sox2 protein levels and depleted sphere number and size in vitro (Fig. 6 C-E) . Discussion Epithelial cancers often exhibit significant heterogeneity at the histological level (1) . By engineering expression of oncogenes or loss of tumor suppressors in specific lineages via cre-lox technology, it has been reported that different histological variants of mouse breast and lung cancer can arise from distinct cells of origin (4, 5) . We have used a tissue-regeneration model to determine the origins of prostate cancer heterogeneity. Based on their distinct phenotypes and biological behaviors, histological variants of prostate cancer have been proposed to arise from different cells of origin (13) . Myc-and myrAKT-initiated tumors exhibit features of both acinar-type adenocarcinoma and squamous cell carcinoma. Using lentiviral integration site analysis, we demonstrate that alternative human epithelial cancer phenotypes can arise from a common clonal target cell. Activated beta-catenin is elevated in areas with squamous differentiation both in experimental and clinical prostate cancer, suggesting a role for the beta-catenin pathway either in promoting or maintaining the squamous phenotype.
Our findings that basal cells are efficient cells of origin for human prostate cancer are consistent with previous findings by our group and others (15, 16) . These studies on the human disease have all used a tissue-regeneration approach to model development concomitant with tumorigenesis. Several different groups have investigated the origins of murine prostate cancer using genetically engineered mouse models in which the tumor suppressor Pten is deleted in a subset of basal or luminal cells from a young age. Depending on the genetic background of the mouse and the frequency of Pten deletion by the promoters used, there is considerable disagreement on whether basal or luminal cells generate a more proliferative, aggressive tumor that can model lethal human prostate cancer (44) (45) (46) . Regardless of the assay system, studies using both mouse and human tissue confirm that transformed basal cells can generate malignant luminal progeny in vivo.
In the present study, we find that human prostate adenocarcinoma initiated by transformed basal cells can be propagated by phenotypically luminal cancer cells (Fig. 7) . Such a model resembles chronic myelogenous leukemia (CML). CML is initiated in transformed hematopoietic stem cells (47, 48) . Advanced disease can be maintained by granulocyte-macrophage progenitorlike cells that have gained self-renewal (49) (50) (51) .
Several regulators of growth and self-renewal normally restricted to the stem-like basal cell compartment are likely to be expressed in malignant luminal cells in human prostate cancer and cooperate to promote their tumorigenic activity. In Myc-and myrAKT-driven human prostate tumors, luminal-like cancer cells exhibit elevated levels of p4EBP1 and eIF4E. Luminal-like tumor cells express MTA1 and Sox2, two targets of eIF4E-driven protein translation that are normally expressed in self-renewing basal cells but not benign luminal cells. These findings suggest that eIF4E-driven protein translation may contribute to luminallike tumor-propagating cell survival and self-renewal. In fact, activation of eIF4E downstream of Pten deletion in murine models of prostate cancer may play an important role in luminal cell transformation (44, 46) .
Methods
Full methods, including antibodies, lentiviral vectors, laser capture microdissection, DNA isolation, and nonrestrictive linear amplification-mediated (nrLAM) PCR are found in SI Methods.
Human Tissue. Acquisition and processing of human tissue, dissociation and isolation of distinct epithelial subsets, lentiviral transduction, and in vivo implantation have all been described in detail (52) . Patient tissue is provided in a de-identified manner and is exempt from institutional review board approval. Immunohistochemistry, Western blotting, and intracellular flow cytometry were performed as previously described (15) .
Sequential Tumor Transplantation. Primary tumors were minced into small pieces, dissociated in 1 mg/mL type I collagenase (Invitrogen), 1mg/mL Dispase (Invitrogen) and 50 μg/mL DNase I (Roche) at 37°C on an Adams Nutator Mixed (BD Biosciences) for 2-4 h and further digested with 0.05% trypsin/EDTA (Invitrogen) for 5 min at 37°C if necessary before sequential passing through 100-, 70-, and 40-μm cell strainers (BD Biosciences). Cells were stained with antibodies at 4°C for 15-30 min and tumor cell populations were sorted on a BD FACS ARIA II into media with 50% (vol/vol) FBS (Omega Scientific). Isolated cells were counted by hemacytometer using trypan blue stain (Invitrogen), resuspended in 30 μL Matrigel (BD Biosciences), and implanted s.c. into NOD-SCID-IL2Rγ null (NSG) mice with or without UGSM cells. Animal Work. All primary, secondary, and tertiary tumors were transplanted s.c. into NOD-SCID-IL2Rγ null (NSG) mice. NSG mice were originally purchased from the Jackson Laboratories and were housed and bred under the care of the Division of Laboratory Animal Medicine at the University of California, Los Angeles (UCLA). Surgical castration (orchiectomy) of tumor-bearing mice was performed according to protocols approved by UCLA's Animal Research Committee. 
